Abstract. Resistance to chemotherapy drugs remains a significant problem for the treatment of many types of cancer. Fascin-1 (FSCN-1) is an actin-bundling protein involved in the invasion and metastasis of a variety of tumors. However, its involvement in drug resistance in hepatocellular carcinoma (HCC) remains unclear. The present study aimed to investigate the function of FSCN-1 in HCC resistance to doxorubicin (DOX). FSCN-1 expression was increased in DOX-resistant HCC cell lines (SNU449 and SNU387) compared with DOX-sensitive cell lines (Huh7 and Hep3B). The resistance of HCC cells to DOX was decreased following FSCN-1 knockdown with small interfering RNA. FSCN-1 knockdown also significantly altered the expression of key markers of epithelial-mesenchymal transition (EMT). Notably, vimentin expression was reduced and epithelial-cadherin expression was increased. Furthermore, when EMT was suppressed through knockdown of Twist, an essential pathway of DOX-induced EMT, the viability of HCC cells following treatment with DOX was not affected by FSCN-1 expression. Furthermore, FSCN-1 knockdown eliminated hypoxia-induced doxorubicin resistance and EMT. The results of the present study indicated that FSCN-1 expression increased DOX resistance in HCC cells via the promotion of EMT, and this phenomenon was maintained in a hypoxic environment. FSCN-1 potentially represents a novel target to overcome resistance to DOX in HCC.
Introduction
Hepatocellular carcinoma (HCC) is a common malignancy with an increasing global incidence rate, and was reported to be the second leading cause of cancer-associated mortality worldwide in 2012 (1) . Surgical intervention, including resection and liver transplantation, is the most effective strategy for improving 5-year survival rates of patients with HCC (2) . Unfortunately, the proportion of patients with HCC who receive surgery for treatment remains at ~22% (3) . This is primarily because numerous patients with HCC are not candidates for resection, due to insufficient liver function at the time of diagnosis. Infection with the hepatitis B virus (HBV) is not only responsible for almost half of all new HCC cases around the world each year (4), but also leads to serious liver cirrhosis in patients with underlying HCC. In patients with unresectable HCC, chemotherapy is the main strategy used to prevent tumor progression at present. Doxorubicin (DOX) is a cytotoxic anthracycline antibiotic with susbtantial treatment potential in a broad variety of solid neoplasms (5) . The major mechanism underlying the tumor-inhibiting activity of DOX is intercalation into primary double-stranded DNA, which blocks the interaction between DNA and RNA polymerases and results in impaired protein synthesis (6) . In 1975, Olweny et al (7) first reported that 11 of 14 treated patients responded, with three patients showing complete tumor regression following two, three and five courses of DOX, respectively (7) . Although DOX is considered a standard cytostatic agent for the treatment of HCC, response rates are typically low (8) . Furthermore, DOX treatment may cause multidirectional cytotoxic effects, including cardiotoxicity, fever, urticarial and vomiting. Recently, several clinical studies have presented favorable safety profiles for transarterial chemoembolization (TACE) using DOX-eluting beads, compared with conventional TACE or oral chemotherapy. In 2002, Llovet et al (9) revealed that TACE combined with DOX improved the FSCN-1 increases doxorubicin resistance in hepatocellular carcinoma through promotion of epithelial-mesenchymal transition survival of certain patients with HCC, while decreasing the rate of cardiotoxic effects (9) . TACE combined with DOX-eluting beads has become a common treatment method in patients with primary and metastatic liver cancer. The advantage of DOX-eluting beads is the limited toxicity to the normal liver parenchyma and other organs. Indeed, Forner et al (10) reported that the objective tumor response rate in patients with HCC following TACE with DOX-eluting beads was >80%. Furthermore, the 1, 3, 4, and 5-year survival rates were 89.7%, 67.8%, 50.8%, and 33.9% in patients with Barcelona clinic liver cancer (BCLC) stage A (11), respectively (and 88.2%, 64.4%, 47.3%, and 39.4% patients with BCLC stage B, respectively) following treatment with DOX-eluting beads (11) . However, DOX resistance still is a major challenge faced during the treatment of HCC. Therefore, the identification of novel molecular target is essential to improve the efficacy of Dox chemotherapy. Epithelial-mesenchymal transition (EMT) is known to be a primary mechanism underlying resistance to chemotherapy in HCC. During EMT, expression of the desmosome protein desmoplakin, the cell-adhesion molecule epithelial (E-)cadherin and the tight junction protein claudin-1 is inhibited in HCC cells, while neural-cadherin, several matrix metalloproteinases (MMPs), the intermediate filament protein vimentin and a number of transcription factors, including snail family transcription repressor 1, snail family transcription repressor 2, zinc finger E-box binding homeobox (ZEB)1, ZEB2 and Twist are overexpressed (12, 13) . Furthermore, EMT triggers the activation of the transforming growth factor (TGF)-β/SMAD, Wnt/β-catenin, mitogen-activated protein kinase/extracellular signal-regulated kinase (ERK), phosphoinositide 3-kinase (PI3K)/protein kinase B (Akt) and Notch signaling pathways (14) . These EMT-induced characteristics significantly increase the resistance of HCC cells to apoptosis and chemotherapy.
Fascin-1 (FSCN-1) is an actin bundling protein that serves key functions in cell-cell interactions, adhesion and motility via regulating the function of filopodial protrusions and microfilaments (15) . Aberrant FSCN-1 expression has been observed in various types of cancer, and has been demonstrated to be associated with a more aggressive clinical course. Yoder et al (16) revealed that FSCN-1 is primarily overexpressed in estrogen receptor-negative breast cancer tissues, and that positive FSCN-1 expression is associated with decreased mean tumor-free survival and overall survival time (16) . Likewise, in colorectal adenocarcinomas, strong and diffuse FSCN-1 expression is associated with disease progression and reduced survival (17) . Furthermore, similar prognostic significance of FSCN-1 expression has been confirmed in renal cell carcinoma (18) , gastric adenocarcinoma (19) , laryngeal squamous cell carcinoma (20) and ovarian carcinoma (21) . There is also evidence suggesting that FSCN-1 may be involved in regulating the EMT process. During vertebrate development, FSCN-1 is principally expressed throughout the embryonic and mesenchymal tissues, as well as in the developing nervous system (22) . Suppression of microRNA (miR)-145 in breast cancer regulates cell migration by targeting FSCN-1 and inhibiting EMT (23) . Furthermore, FSCN-1 expression was associated with suppressed E-cadherin expression and increased invasiveness, thus serving as a promoter of cancer aggressiveness in HCC (24) . Therefore, investigation of FSCN-1 expression patterns and its association with EMT in HCC is necessary.
Furthermore, previous investigations have revealed that FSCN-1 promotes cancer metastasis and recurrence primarily through increasing cell motility (25) . Furthermore, several studies have demonstrated that FSCN-1 knockdown suppresses cellular proliferation and cloning efficiency (17, 26) . FSCN-1 expression has also been implicated in the production of MMP9, which is induced by activation of the tumor necrosis factor-α signaling pathway in cholangiocarcinoma (27) . However, up to now, no studies have investigated the associations between FSCN-1 and tumor drug resistance in HCC cells.
In the present study, our group investigated FSCN-1 expression patterns and the association between FSCN-1 and DOX resistance in HCC cell lines. HCC cells with increased expression of FSCN-1 were more resistant to DOX. Knockdown of FSCN-1 by small interfering (si)RNA reduced the resistance of HCC to DOX. In addition, FSCN-1 promoted EMT in HCC cells. FSCN-1 siRNA reversed hypoxia-induced EMT and DOX resistance, while suppressing EMT using Twist siRNA blocked the effect of FSCN-1 siRNA. In conclusion, the results of the present study demonstrated that FSCN-1 conferred doxorubicin resistance in HCC cells through the promotion of EMT.
Materials and methods
Cell lines and reagents. Five human HCC cell lines (SNU387, Huh7, Hep3B, and SNU449) were purchased from the Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China). Huh7 cells were grown in Dulbecco's modified Eagle's medium (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA), Hep3B cells were cultured in minimum essential medium, and SNU387, SNU449 cells were incubated in RPMI-1640 complete medium (Gibco; Thermo Fisher Scientific, Inc.). All cell media were supplemented with 10% fetal bovine serum (Gibco; Thermo Fisher Scientific, Inc.) and 100 U/ml streptomycin and penicillin. All cell lines were incubated at 37˚C in 5% CO 2 . DOX and DAPI were purchased from Sigma-Aldrich; Merck KGaA (Darmstadt, Germany). The following antibodies were used: FSCN-1 (1:1,000, ab126772), while antibodies against β-actin (1:1,000, ab8227), Twist (1:1,000, ab50581), E-cadherin (1:1,000, ab40772), Vimentin (1:1,000, ab8978) and horseradish peroxidase (HRP)-conjugated goat anti-rabbit secondary antibodies (1:2,000, ab6721), all of which were purchased from Abcam (Cambridge, MA, USA), whereas HRP-conjugated goat anti-mouse secondary antibodies (1:2,000, 7076) were purchased from Cell Signaling Technology, Inc. (Danvers, MA, USA).
siRNA transfection. Untreated SNU387, Huh7, Hep3B and SNU449 cells were plated at a density of 1x105/well in 2 ml of their corresponding media. Once the cells reached 20-30% confluence, 50 nM siRNA (targeting FSCN-1 or Twist) or a negative control siRNA (Santa Cruz Biotechnology, Inc., Dallas, TX, USA) combined with 50 µl Lipofectamine 2000 transfection reagent (Invitrogen; Thermo Fisher Scientific, Inc.) were added into each well, following the manufacturer's protocol. The siRNA sequences were as follows: FSCN-1, sense 5'-GCU GCUACUUUGACAUCGATT-3', antisense 5'-UCGAUGUC AAAGUAGCAGCTT-3'; Twist1, sense 5'-GGUACAUCGACU UCCUCUATT-3', antisense 5'-UAGAGGAAGUCGAUGUA CCTT-3'; negative control siRNA, sense 5'-UUCUCCGAACG UGUCACGUTT-3' and antisense 5'-ACGUGACACGUUCG GAGAATT-3'. The transfection medium (Opti-MEM; Gibco; Thermo Fisher Scientific, Inc.) was replaced with complete medium 6 h following transfection, and the cells were incubated for 2 h. All treatments were initiated 24 h after transfection.
Cell viability assay. Following siRNA transfection, SNU387, Huh7, Hep3B and SNU449 cells were added to 96-well plates at a density of 3x10 3 /well and incubated for 24 h. Following administration of DOX [half maximal inhibitory concentration (IC 50 ) value] or the same amount of phosphatebuffered saline (PBS), cell viability was measured using Cell Counting Kit-8 (CCK-8; Dojindo Molecular Technologies, Inc., Kumamoto, Japan) according to the manufacturer's protocol at an optical density of 450 nm using a microplate reader (Elx800; BioTek Instruments, Inc., Winooski, VT, USA) following incubation for 24, 48, and 72 h at 37˚C. To induce hypoxia, the HCC cells were incubated in an atmosphere of 5% CO 2 , 1% O 2 and 94% N 2 at 37˚C for 12 h.
Protein extraction and western blotting. The protein from HCC cells was harvested using cell lysis buffer (10X) (Cell Signaling Technology, Inc.) at 4˚C following the manufacturer's protocol. Western blot analysis was conducted according to a standard protocol. Briefly, a BCA Protein assay kit (Pierce; Thermo Fisher Scientific, Inc.) was utilized to detect protein concentrations using a Bradford assay (Bio-Rad Laboratories, Inc., Hercules, CA, USA). A total of 40 µg/10 µl protein was added per lane and separated by 10% SDS-PAGE at 80-120 V. Subsequently, the protein was transferred to 0.45 µm polyvinylidene fluoride membranes (EMD Millipore, Billerica, MA, USA) at 350 mA for 90 min. Following incubating with 5% non-fat milk prepared with Tris-buffered saline containing 0.05% Tween-20 (TBST) for 1 h at room temperature, the membrane was incubated with the primary antibodies overnight at 4˚C. Following washing three times with TBST, the membrane was further incubated with the secondary antibodies for 1 h at room temperature. Finally, the protein concentrations on the membrane were determined using SuperSignal West Pico Chemiluminescent Substrate (Pierce; Thermo Fisher Scientific, Inc.).
EDU assay. A total of 1x10
5 cells were plated into 24-well plates and incubated for 24 h. Following treatment as aforementioned, EdU (50 µM; Invitrogen; Thermo Fisher Scientific, Inc.) was added into the cultures. Following 2-h incubation at 37˚C, the cells were fixed with 4% methanol-free formaldehyde in PBS for 20 min at 4˚C, followed by treatment with 0.1% Triton X-100 in PBS for 20 min.
Immunofluorescence. HCC cells were seeded into 48-well plates at a density of 5x10 3 cells/well. Cells were fixed with 4% formaldehyde for 15 min at 37˚C, washed with PBS, blocked with 5% bovine serum albumin (Sangon Biotech Co., Ltd., Shanghai, China) for 30 min at room temperature, and incubated with anti-E-cadherin Statistical analysis. Experimental data is presented as the mean with standard deviation (SD) or frequency. Two groups were compared using an unpaired Student's t-tests and multiple groups were performed using one-way analysis of variance followed by Tukey's post hoc test. All statistical analysis was performed with the SPSS software (version 19.0; IBM Corp., Armonk, NY, USA). P<0.05 was considered to indicate a statistically significant difference.
Results

FSCN-1 expression is positively associated with DOX resistance in HCC cell lines.
The sensitivity of five HCC cell lines (SNU387, Huh7, Hep3B and SNU449) to DOX was estimated by the change in cell viability following drug administration for 48 h, using a CCK-8 assay. The IC 50 of DOX from high to low (thus, from least sensitive to most sensitive) was SNU449, SNU387, Hep3B and Huh7 (Fig. 1A) . Western blot analysis revealed that the basal level of FSCN-1 expression presented a similar trend to the IC 50 of DOX (Fig. 1B) .
To further investigate the relationship between FSCN-1 expression and DOX resistance, the expression of FSCN-1 was knocked down with siRNA ( Fig. 2A) . The results of the cell viability (CCK-8) assays and EDU staining assays revealed that HCC cells with decreased FSCN-1 expression had lower cell viability (Fig. 2B-E) and inhibitory DNA copies compared with the control groups (negative siRNA; Fig. 2F-I) . These results suggested that FSCN-1 expression is positively associated with DOX resistance in HCC cell lines.
FSCN-1 promotes EMT of HCC cells.
Next, the expression of EMT markers in siRNA-FSCN-1 transfected HCC cell lines was detected. Following inhibition of FSCN-1 expression, vimentin expression was significantly suppressed while E-cadherin expression was increased (Fig. 3A) . These results were confirmed by the immunofluorescence experiments (Fig. 3B) . Notably, E-cadherin expression was higher in Huh7 and Hep3B cells, which were sensitive to DOX, compared with SNU387 and SNU449 cells with DOX resistance, while the opposite pattern was observed for vimentin expression (Fig. 3A) . These data indicated that EMT is associated with DOX resistance in HCC cells.
FSCN-1 increases HCC resistance to DOX by promoting EMT.
The change in expression of EMT markers was further investigated in HCC cells following DOX treatment. While vimentin expression was increased, E-cadherin expression was suppressed (Fig. 4A) . Following FSCN-1 knockdown, DOX-induced EMT of HCC cells was inhibited (Fig. 4A) . These results were further verified through immunofluorescence confocal experiments (Fig. 4B) . Twist has been reported to play an vital role in adriamycin (DOX) induced EMT (28) . HCC cells were transfected with Twist siRNA alone or combined with FSCN-1 siRNA, and then treated with DOX. There was no difference in cell viability between these two groups ( Fig. 5C-F) . FSCN-1 protein expression was detected by western blotting in order to verify knockdown efficiency ( Fig. 5A and B) . These data indicated that FSCN-1 enhances DOX resistance via promotion of the EMT process in HCC cell lines.
Knockdown of FSCN-1 reverses EMT and resistance to DOX
of HCC under hypoxic conditions. Hypoxia induces drug resistance and EMT in vitro and in vivo. Indeed, cells cultured under hypoxia were more resistant to DOX compared with normoxia (control group; Fig. 6A and B) . Western blot analysis and immunofluorescence confocal assay results revealed that hypoxia decreased E-cadherin expression and upregulated vimentin expression, indicating that hypoxia induced the EMT process in HCC cells (Fig. 6C and D) . However, HCC cells under hypoxia were more sensitive to DOX treatment following FSCN-1 knockdown by siRNA compared to the hypoxia group, similar to the control group (Fig. 6A and B) . The expression of E-cadherin was increased and vimentin was downregulated, while the cells were transfected with FSCN-1 siRNA (Fig. 6C and D) . These results indicated that FACN-1 reversed hypoxia-induced drug resistance and EMT.
Discussion
As the prevalence of unresectable cases of HCC increases, so too does the demand for nonsurgical and minimally invasive alternatives to surgery to limit disease progression. In the present study, our group investigated whether the mechanism behind the resistance to the chemotherapy agent DOX was associated with FSCN-1 expression, a key protein involved in cell-cell interaction and motility. FSCN-1 expression was relatively increased in HCC cells with DOX resistance compared with DOX sensitive cells. FSCN-1 knockdown further suppressed the viability of HCC cells in the presence of DOX compared with control cells. Furthermore, investigation of the underlying mechanisms revealed that FSCN-1 promoted the EMT process and increased HCC cell resistance to DOX even under hypoxia. These results suggest that FSCN-1 overexpression is primarily responsible for DOX resistance in HCC.
Typically, FSCN-1 expression is low or absent in normal epithelia, but high in mesenchymal tissues. Previous studies have demonstrated that FSCN-1 is overexpressed in response to TGF-β1-mediated activation of the JNK and ERK signaling pathways (29) . In addition, Zhao et al (23) demonstrated that inhibition of miR-145, a main regulatory miRNA for FSCN-1 expression, significantly increased EMT in breast cancer cells. These previous data suggested that upregulation of FSCN-1 expression increased HCC resistance to DOX, potentially through the induction of EMT. As expected, FSCN-1 suppression significantly suppressed vimentin expression and increased E-cadherin expression.
EMT in tumor cells allows them to gain metastatic features via the induction of cell-cell disconnection, cell depolarization and transitioning to an elongated, fibroblast-like morphology. However, certain controversies concerning the involvement of EMT in the promotion of tumor distant metastasis have occurred. In breast cancer and pancreatic ductal adenocarcinoma, EMT was revealed to be unessential for tumor distant dissemination or metastasis (30, 31) . Nonetheless, these two studies demonstrated that EMT is closely associated with chemotherapy resistance and immune escape. In the present study, our group observed that HCC cells that survived following treatment with DOX had increased expression of EMT markers. Meanwhile, Twist knockdown reduced the viability of HCC cells in the presence of DOX. These data confirmed that EMT was contributing to increased resistance of HCC cells to DOX.
Ischemia is a common phenomenon in HCC tissues during TACE, and is associated with metastatic capacity, resistance to chemotherapy and tumor progression, as well as poor patient prognosis (32). Sridharan et al (33) developed a Boolean network model using targeted drug intervention to mimic persistent hypoxia in a cell, and revealed that hypoxia regulated the p53/mouse double minute 2 homolog, PI3K/ Akt/mechanistic target of rapamycin and the glycolysis/ tricarboxylic acid cycle pathways to influence cell energy production, apoptosis and survival. Furthermore, the hypoxic microenvironment of tumors is known to enhance stemness features and EMT (34) . Therefore, our group detected the effect of hypoxia on the viability of HCC cells following DOX administration. Hypoxia increased the survival of HCC cells following DOX treatment via the promotion of EMT. The effect of hypoxia on DOX resistance was inhibited in HCC cells following knockdown of FSCN-1. Tumor ischemia may also stimulate angiogenesis to support HCC development (35) . Sorafenib, a tyrosine kinase inhibitor, is considered to be a standard treatment for patients with advanced HCC. This drug not only directly suppresses HCC cell proliferation, but also significantly inhibits angiogenesis. In a large, randomized and double blind clinical trial, concurrent treatment of DOX-eluting beads and sorafenib presented a manageable safety and tolerability (36) .
Finally, hypoxia-inducible factor (HIF)-1α has previously been demonstrated to promote autophagy (37) . Upregulation of autophagy is a crucial mechanism of resistance to multiple antitumor drugs, including DOX (38) . In addition, Zhao et al (39) revealed that the mechanisms underlying HIF-1α-mediated increased invasion and metastasis of pancreatic ductal adenocarcinoma was dependent on the upregulation of FSCN-1 expression. Therefore, the relationship between FSCN-1 and autophagy is worthy of further investigation. In conclusion, the present study demonstrated that that FSCN-1 serves a critical role in doxorubicin resistance in HCC under normoxic and hypoxic conditions through the promotion of EMT. Therefore, FSCN-1 is potentially a novel target to overcome HCC resistance to DOX. Further studies, including animal experiments and clinical specimen analysis, should be performed in the future to verify the results of the present study.
